In this paper, an attempt is made to investigate the relationships between the material ductility and the characteristic size of casting porosities correlated by two different sources. The first source is the metallographic analysis on the cross section before testing. The second one is the fractographic analysis on the fracture surface after testing. Three types of cast round bars are manufactured with various levels of porosity. An image processing code is developed within Matlab to quantify the size and number of the porosities. It is found that the three types of aluminum cast components have similar microstructure and the same true stress-strain curve is able to predict well the load-displacement response of the three types of castings. A large variation in the size of the largest pore and the area fraction of pores is observed among the cast components. Three distinct fracture loci are predicted using a combined experimental-numerical approach. The material ductility tends to decrease with the increasing size of the pores based on the correlations of two sources. A linear relationship is used to correlate the ductility with the size and number of this type of pores. The correlated trend between the material ductility and the pore size is similar qualitatively on the specimens before/after testing. It is also shown that the effect of the porosity on the material ductility can be preferably correlated by the area fraction of pores measured before testing and after testing in a linear way, respectively.
Introduction
Cast aluminum alloys are being used in various automobile components as a replacement of the traditional steel components because of performance as well as weight reduction. Cast aluminum automotive parts are often used in the suspension component and many bracket parts. There are stringent stiffness and strength requirement for such automotive components and the casting technology is now delivering the expected level of performance. However, the wide application of cast aluminum components is still limited by a large scatter in their fracture properties. Because of the existence of defects such as gas/shrinkage pores and oxide films, specimens prepared with the same process inevitably exhibit various ductility levels. In this study, the definition of defects consists of pores and oxide films, which indicates that pores are the microstructural holes inside the castings made by various sources such as gas and material shrinkage.
Attempts have been made in the literature to construct a relationship between the material ductility and the characteristic size of defects. Based on a series of fracture tests and microscopic examinations, Surappa et al. concluded that the ultimate tensile strength of cast Al-7Si0.3Mg alloy correlated well with the projected area of pores in a linear way. (1) Caceres and Selling confirmed that the area fraction of defects was a suitable parameter for establishing the correlation. These two studies also reveal that the variation of ductility is relatively independent of the volume fraction of porosity. (2) A simple analytical model was developed by Caceres to describe the relationship between the tensile ductility and the area fraction of porosity. (3) Good agreement with experimental results was obtained. By conducting quantitative fractographic analysis, Gokhale and Patel proposed a power law type expression to correlate the tensile elongation with the area fraction of porosities.
(4), (5) The same function was also used by Lee et al. for high-pressure die-cast AE44 Mg-alloy. (6) Francis and Cantin performed flat bar tensile tests. (7) The thick specimens exhibit chevron patterns on the fracture surface. The metallographic examination indicated that the chevron patterns originated at the sites of pores/oxide films. They also found that hot isostatic pressing (HIP) effectively improved the ductility of the cast alloys by closing pores. Note that all of the above studies focus on the effect of defects on the tensile ductility. Our previous researches on the ductile failure mechanisms of various cast aluminum alloys found that voids coalesce by void sheeting under shear rather than internal necking under tension. (8) - (10) It would be interesting to establish a relationship between the size of porosities and the shear ductility. Then, our most recent study attempted to establish the correlation between the mean shear and the mean tensile fracture strains, and the extreme characteristic size of defects for cast aluminum alloy A356 by using the linear function. (11) However, our previous metallographic observation was performed only on the specimens which were cut from the cast bars. This meant that the characteristic sizes of porosities were not obtained from the fracture surfaces after the mechanical testing. Since fracture is a highly localized phenomenon, a crack would tend to first form in the weakest cross section with the largest pore. Therefore, it is important to investigate the relationship between the material ductility and the characteristic size of casting porosities correlated by two different sources. The first source is the metallographic analysis on the cross section before testing. The second one is the fracture surface observation conducted after testing. In the practical applications, it would be very useful to compare the difference between the two sources because the casting porosities are usually checked in the specimens cut out of the real casting components before testing. To fulfill this task, three types of cast round bars were intentionally produced with different levels of porosity. For each type of castings, the three cylindrical specimens were machined. Three round bars and three butterfly specimens were tested to fracture under tension and shear loading, respectively. A combined experimental-numerical approach was used to predict the true stress-strain curve and the ductile fracture locus for each type of castings. An optical microscope (OM) was used to observe the casting porosities on the cross sections of the metallographic specimens. In addition, the casting porosities were measured on the fracture surfaces with scanning electron microscopy (SEM). An image processing program was developed within Matlab to characterize porosities. Finally, a linear relationship between the material ductility and the characteristic size of pores was tentatively constructed on the correlations before and after testing.
Specimen Preparation and Test Procedures

Materials
To quantify the effect of microscopic porosities on material ductility, three types of cast round bars with various levels of porosity were prepared. The round castings are of the length 270 mm and the diameter 36 mm, as shown in Fig. 1 . All the cast components were made of A356 aluminum alloy. The melt was modified by adding strontium. A small amount of strontium is able to improve the material ductility by enhancing the formation of spherical silicon particles. This effect has been reported in the literature, e.g. Caceres et al. (12) The casting blocks from which the specimens were machined were produced in the metal molds by gravity die casting (GDC). After removing from the molds, the castings were heat-treated with the T6 process to increase the strength. The T6 heat treatment process consists of two steps. In the first step, the alloy was solved at 500 o C for 10 hours and then quenched in water. In the second step, the alloy was aged at 160 o C for 7 hours and cooled naturally in air. During manufacturing, some pieces of wood were put into the melted alloy. By controlling the amount of wood pieces, three types of castings with various levels of porosity were made. Fig. 2 shows the distribution of pores on the longitudinal sections of three round bar castings, represented by red spots. The difference in the porosity can be clearly discerned. Table 1 lists the chemical composition of the cast aluminum alloy measured form the three types of the round components. The difference among them is so small that all the three types of castings can be assumed to be made of the same alloy. Attention is focused on the effect of the porosity on the material ductility. The three types of cast round bars with increasing amount porosity are designated as cast bars A, B and C. To characterize the mechanical properties of the cast aluminum alloy, two types of specimens were designed: round bars and butterfly specimens. From each cast component, two round bars and one butterfly specimen were machined. They were cut out of the marked region as shown in Table 1 Chemical composition of A356 aluminum alloy (unit: wt %) Figure 3 Microstructural OM pictures of the cast bars
Specimen and Testing Procedure
In practical applications, casting components may be subjected to a wide range of stress states from compression, shear, all the way to tension. This requires that the ductility of cast aluminum alloys should be studied in a wide range of stress triaxialities. Most of studies reported in the literature were concerned only on tensile loading conditions.
(1)- (7) To overcome this limitation, two types of tests were conducted in the present research: conventional tensile tests on round bars and shear tests on butterfly specimens. On the basis of these tests, one would be able to construct an empirical fracture locus covering the whole range of stress states. (8) - (11) A total of nine identical round bars were prepared for the fracture tests: three specimens for each type of cast bars. The geometrical dimensions of the round bars are shown in Fig. 4 . All these round bar specimens were tested under the same condition. Similar to the round bars, a total of nine butterfly specimens were machined: three specimens for each type of cast components. These specimens were used to predict fracture properties of the cast alloy under simple shear condition. Different from conventional flat specimens, the new type of specimens is of double curvature in the gauge section and thus there is a smooth transition from the shoulder region to the gauge section. The stress concentration on the boundary of the gauge section is reduced. At the same time, the central region of the gauge section is of the minimal thickness 1.0 mm, which is one third of the thickness of the shoulder region. With such a design, it is expected that a macroscopic crack would first occur at the center of the gauge section. A careful examination of the fracture specimens indicated that cracks initiated at the center of the gauge section in various loading cases in the previous study. (13) However, it is difficult to determine directly from the experiments whether fracture starts from the middle of the cross-section or from the surfaces. In other words, the experiments only explicitly give the location of crack initiation in the main plane but not in the thickness direction. The strain gradient through the thickness is small (the difference of strain between the middle of thickness and surface is less than 5 %) due to the small thickness of the gauge section of the specimen. However, the difference of the stress triaxiality is not negligible and in fact about 20 % between those two locations. Therefore, the exact location of crack formation was determined from numerical simulations by checking all the elements located at the center of the gauge section from the middle of thickness to the surface. There is sufficient experimental evidence that in the wide range of stress triaxiality, the equivalent strain to fracture decreases with stress triaxiality in The tensile tests on the round bars were performed using a universal 200 kN kinematically driven MTS machine at room temperature. The cross-head loading velocity was 0.2 mm/min. The shear tests on the butterfly specimens were carried out with a custom-made dual actuator testing machine, shown in Fig. 6 (a). The butterfly specimen was attached to the vertical actuator and the sliding table through recessed clamps as shown in Fig. 6 (b), providing a very firm clamping. Meanwhile the 50 kN horizontal actuator is able to generate a lateral displacement. Both vertical and horizontal actuators can be controlled in a kinematical or a dynamical fashion. In the present tests, the horizontal actuator was prescribed with the velocity of 0.2 mm/min. The force control was applied in the vertical actuator so that the total reaction force was kept zero to ensure the simple shear condition. 
Plasticity and Fracture Properties
Load Displacement Response
Each fracture test provides a load-displacement curve, from which plasticity and fracture properties of the cast aluminum alloy can be inferred. Figure 7 shows plots of the tensile resistance vs. the elongation of the gauge section obtained from the tensile tests on the round bars. The nine load-displacement curves for three types of castings were superimposed in one graph. It can be clearly seen that the force levels were close to each other. Similar results were also reported by Francis and Cantin. (7) The last recorded points before the sudden drop of the reaction force was taken as the instants at fracture which is marked in each load-displacement curve. Through a series of sophistical tensile tests, Bluhm and Morrissey revealed that the points corresponded to the formation of macroscopic cracks. (14) It can also be seen from Fig. 7 that fracture occurs at or near the maximum reaction forces. This further validated the low ductility of the present cast aluminum alloy under tension. Figure 8 summarizes the load-displacement responses obtained from the nine shear tests on the butterfly specimens. The reaction force of the butterfly specimens underwent a decreasing phase before complete fracture indicating a phase of stable crack propagation. This is in contrast to the sudden loss of strength in the tensile tests. Some tests were successfully stopped right after the reaction force passed the peak. Cracks could always be found on the exterior surface of the gauge section of these specimens. The similar observation was obtained in the previous studies. (8) - (11) Hence, the peak of the load-displacement curve was identified as the instant at fracture. Except the two tests on cast round bar A, all the other loading responses followed the same tendency and the difference between curves was small before the peaks. As opposed to a good consistency of the load-displacement response, there was a clear variation in the critical displacements to fracture among the three types of cast components. Except the shear tests on the cast bar B, the fracture displacements varied in a rather small range for the three specimens machined from the same block. Note, that the difference in the fracture displacement was often observed among various tests even for well-manufactured metals. Hence, the average value of the three tests was representative for the fracture properties of each type of casting in the present study in constructing the fracture loci. The comparison of the critical displacement to fracture among the three types of casting components indicated that cast bar A was of the highest ductility followed by cast bars B and C. 
True Stress-Strain Curves
In this research, a ductile fracture locus formulated in the space of the stress triaxiality and the effective plastic strain to fracture was used to describe the ductility of the cast aluminum alloy. The calibration of a fracture locus requires to tracking the evolution of stress and strain states of critical material points at which the onset of a macroscopic crack is expected. To this end, the finite element simulations of the tensile tests on the round bars and the shear tests on the butterfly specimens were conducted.
As a basic input in the numerical modeling, the true stress-strain curve for the studied cast aluminum alloy has to be first determined from the tests. The true stress-strain curve describes the strain hardening, which is one important integral part of plasticity properties. However, the calibration of the true stress-strain curve, especially for ductile materials, is not trivial. Due to localized deformation and complex geometrical configurations, the stress and strain states cannot be obtained using a simple analytical approach. Instead, finite element procedures are often used. Since numerical simulations require beforehand the input of stress-strain data, an inverse method was adopted in this research. It is assumed that the true stress-strain curve was reasonably calibrated if the numerically predicted load-displacement response closely matched the experimental data. The homogeneity of the cast aluminum alloy was implicitly assumed in this calibration. It would be better to use the sophisticated porous plasticity theory to describe their mechanical properties in the present cast aluminum alloy with pores. However, for industrial applications, it is reasonable to treat the castings as a homogeneous material so that the conventional material constitutive theory can be used to describe their plasticity properties.
Two finite element models were developed, respectively, for the round bars and the butterfly specimens, see Figs. 9 and 10. In the round bar tensile tests, axisymmetric, four-node, reduced integration elements (CAX4R) were adopted. The elements in the gauge section were of the size 0.1 mm x 0.1 mm. One end of the model was defined with the fixed boundary condition and the other end was prescribed with a tensile displacement. For the butterfly specimens, a three-dimensional finite element model was built with eight-node brick, reduced integration elements (C3D8R). The total element number was 39,760. The fine elements of 0.1 mm x 0.1 mm x 0.1 mm were located in the central region of the gauge section. Note, that this minimum edge length was the same as that of the round bars. Two rigid surfaces were defined to represent two pairs of "bulky" clamps in the shear tests. The lower pair was applied with a horizontal displacement and its motions in the other degrees of freedom were constrained by the sliding table. In the tests, the vertical actuator was dynamically controlled. The force was kept 0 on the upper pair of clamps and thus the free boundary condition was defined in the vertical direction. The loading and boundary conditions of the simple shear test on the butterfly specimen are illustrated in Fig.11 . The finite element calculations were conducted with ABAQUS/Standard. To reduce experimental errors, two mean load-displacement curves: one from the tensile tests and the other from the shear tests, were calculated, respectively. The mean curves were used to determine the true stress-strain curves for the present cast aluminum alloy. In the calculation of the mean load-displacement curve of the shear tests in the cast bar A, two extreme tests were not taken into account. Comparison between the numerical results and the experimental data is given in Fig. 12 . As shown clearly, the plasticity properties were well calibrated. Figure 13 shows the calculated true stress-strain curves, in which the effective plastic strain was up to 0.2 in the tensile tests and 0.5 in the shear tests. This indicates that the cast aluminum alloy has higher ductility under shear than under tension. It is clear from Fig. 13 that the true stress-strain curve was higher by about 15 %-20 % in the tensile tests than in the shear tests. It was found that one single curve was not able to give consistent predictions with two different types of tests at the same time. A similar tendency is also observed, e.g. Horstemeyer et al. (15) on cast A356 aluminum alloy and Minnebo et al. (16) on ductile cast iron components. Loading conditions may be the (a) Whole specimen (b) Central region major factor leading to the variation of the stress-strain curve. The present formulation neglected the effects of the pressure and the Lode angle, which were related, respectively, to the first and the third invariants of a stress tensor, on the stress-strain curve. Bai and Wierzbicki (17) pointed out that these two factors would lead to the variation of plasticity properties. It is considered that the round bar tensile tests would be of different values of the pressure and the Lode angle from the shear tests. Many numerical studies on the ductile fracture have been conducted as reviewed by Kikuchi (18) . About Gurson's equation, the stress-strain curve corresponds to the state without any defects or initial porosity. Thus, there is no such a problem in the present numerical procedure. Figure 12 Comparison of the load-displacement curves between the numerical simulation and the experimental results Figure 13 Two true stress-strain curves calibrated from the tensile tests on the round bars and the shear tests on the butterfly specimens
Ductile Fracture Loci
The finite element analysis of the tensile tests on the round bars and the simple shear tests on the butterfly specimens provided the evolution of stress and strain states at each material point. The critical displacement to fracture at which a macroscopic crack was formed was determined from the tests. The corresponding effective fracture strain in each test could be determined from the numerical simulations. Thus, the size of the macroscopic crack was defined as the minimum edge length of the finite element meshes. On the basis of the assumption of homogeneity, the maximum stresses were located at the center of the gauge section of the round bar and the butterfly specimens. These material points were identified as the critical sites for the onset of fracture in the present study. Their stress and strain sates were used to predict fracture properties. Table 2 lists the effective plastic strain to fracture obtained from the tensile tests and shear tests. For the three specimens cut from the same type of castings, the fracture strains were close to each other, except for the shear tests on cast bar B. The average values were used to construct the fracture loci. The fracture strain under tension was often used to describe the ductility of cast aluminum alloys in the literature, e.g. Gokhale and Patel. (4) It is not sufficient since the ductility strongly depends on the stress states. A careful fractographic examination revealed that cast aluminum components under shear failed by a different mechanism than under tension. (9)- (11) A ductile fracture locus covering a wide range of stress states from compression, shear and all the way to tension is more suitable to characterize the material ductility than the single value of the fracture strain. Table 2 Effective plastic strains to fracture
The fracture locus is formulated in the space of the stress triaxiality and the effective plastic strain to fracture. The stress triaxiality η is defined by the ratio of the hydrostatic stress m σ to the equivalent stressσ , i.e.
.
In contrast to the fracture strains, the variation of mechanical properties among the specimens does not have any influence on the value of the stress triaxiality. Since the alloy considered is assumed to be homogeneous for each specimen, the stress triaxiality depends only on the geometrical configuration and the loading conditions. In the tensile tests on the round bars, the specimens are subjected to uniaxial tension. The stress triaxiality is always equal to 1/3 before necking. Necking deformation introduces the triaxial stress state leading to the increase in the stress triaxiality. In the present study, almost all of the round bars failed before necking and thus the stress triaxiality close to 3 1 = η could be reasonably defined in the tensile tests. The stress triaxiality of the middle thickness of the gauge section of the butterfly specimens under simple shear was kept close to 0 in the whole loading process. Figure 14 shows the numerically calculated evolution of the stress triaxiality during the whole loading process for both types of tests. As shown in Fig. 14 , the stress triaxialities varied in a rather narrow range of the stress triaxiality. Thus, the representative stress triaxialities were determined as +1/3 for tensile tests and 0 for shear tests. 
Journal of Solid Mechanics and Materials Engineering
Vol. 2, No. 7, 2008 The construction of the fracture loci for the three types of cast bars follows the approach in the previous study. (8) In the range of the negative stress triaxiality, Wierzbicki et al. (19) , (20) proposed that the fracture strain can be approximated by a hyperbolic function of the stress triaxiality:
where C 1 is the material coefficient and is equal to the fracture strain at 0 = η . As shown by Wierzbicki et al. (19) , (20) , this fracture criterion is essentially equivalent to the ones proposed by Kudo and Aoi, (21) Cockcroft and Latham (22) and Oh et al. (23) based on a series of upsetting tests on short cylinders. Bao examined the fracture surface of a cylinder in the upsetting test and found that the butterfly specimens under combined compression and shear failed by the same mechanism as cylinders in the upsetting tests. (24) The similarity also justifies the use of Eq. (2) to characterize the fracture properties of the butterfly specimens under compression. In tensile tests on round bars, represented by the stress triaxiality higher than 1/3, an exponential function for the effective fracture strain was commonly used, which can be written in a general form, as (3) where C 2 and C 3 are two material coefficients and need to be determined from tests. This functional form was first developed by Rice and Tracey (25) by studying the enlargement of a spherical void embedded in a plastic matrix under hydrostatic tension, in which C 3 = -1.54 was determined theoretically and C 2 was left for calibration. In this study, only un-notched round bar specimens were used and thus only one material constant could be determined from the tests. Therefore, C 3 = -1.54 was assumed and C 2 was calibrated from the tensile tests in this study. Using the tensile fracture strain, Eq.(3) can be rewritten as (4) where is the effective fracture strain under uniaxial tension with η = +1/3.
In the intermediate range, a linear relationship between the effective fracture strain and the stress triaxiality was defined: (5) where is equal to the fracture strain at shear. Here it is assumed that the transition of the failure mechanisms occurs at η = +1/3 and η = 0, which correspond to uniaxial tension and pure shear, respectively. Such a three-range fracture locus was first identified by Bao and Wierzibki (26) based on a serried of fracture experiments and corresponding numerical analysis. A similar trend was also observed by Barsoum and Faleskog, (27) who conducted a series of combined tension and torsion tests on a Weldox steel. Figure 15 shows the three predicted fracture loci. It appeared that cast round bar A was of the highest ductility and cast round bar C was of the lowest ductility. For instance, the tensile ductility of cast round bar A was about 40 % as large as those of cast round bars B and C. This can be also inferred in Table 2 . In addition, in the negative and positive low stress triaxiality, the ductility of cast round bar B was very similar to that of cast round bar A. On the contrary, the material ductility of cast round bar B was close to that of cast round bar C at the high stress triaxiality. The predicted ductile fracture loci indicated that the effects of the porosity on the ductility should be stress triaxiality dependent. 
Correlation between Porosity Size and Fracture Properties
Microscopic Observation and Measurement of Porosity Size
To characterize the microstructure and porosity distribution of the cast aluminum alloy, another three identical specimens were machined from each type of cast round bars, which were so called specimens before testing. The metallographic sections were polished and OM was used to identify porosities. Figure 16 shows the OM pictures of three types of castings. From OM pictures, one can find the pores represented by black spots.
A small computer program was developed on the basis of the Image Processing Toolbox of Matlab. The true-color pictures taken from the optical microscope were first converted to grayscale graphs, and then to a black and white graph. In such a way, pores represented by black spots are distinct from dendrites and eutectic regions represented by white background. By counting the number of black pixels of the whole picture or the largest black spot, the porosities could be characterized in terms of the total number of porosities, the area fraction of the pores on the cross section, the area of the largest pore, and the length of the largest pore. Comparison of these parameters among the three types of cast round bars is given in Fig. 17 . The area fraction of the pores, to some extent, was representative to the porosity of the cast aluminum alloy. There were a number of pores in cast round bar A but their area fraction was the smallest among the three cast round bars. It appeared that in general, cast round bar C was of larger pores than cast round bars A and B. However, large variation could be clearly observed even among the three specimens cut from the same type of castings. Since fracture tends to form on the weakest cross section of the largest porosity, it would be difficult to capture the largest defect randomly distributed in the metallurgical sections. This scatter made it difficult to correlate the characteristics of the pores of the specimen before testing with the material ductility. Eq. (5) Eq.(4) Figure 17 Variations of the characteristic sizes of porosities of the three cast bars before testing
In the same manner, the characteristic sizes of pores were measured based on the fracture surfaces of each specimen. Figure 18 shows the SEM pictures of the fracture surfaces of the round bar and butterfly specimens after testing. As indicated by white arrows, the large pores such as shrinkage pores were easily identified in every specimen. On the contrary to OM pictures shown in Fig. 16 , it was difficult to convert the pores of the fracture surfaces to the black and white images automatically. Then, every pore was collected manually and then converted to black and white images. Figures 19 and 20 show the total number of pores per unit area, the area fraction of the pores on the cross section, the area of the largest pore, and the length of the largest pore obtained from the fracture surfaces which were so called specimens after testing. As shown in Figs. 7 and 8 , the critical displacements to fracture varied in a rather small range for the three specimens prepared from the same type of castings. By contrast, there existed large difference in the size of pores among them. On the contrary to the general trend on the specimens before testing, it was difficult to identify the level of porosities from any other parameter except for the area fraction of the porosities in the tensile specimen after testing. Fractographic analysis on the butterfly specimens showed the similar trend as that obtained from the specimens before testing. The interesting result here was that the area fraction of pores obtained on the fracture surface of the tensile round bar specimen was larger than that on the metallographic section before testing. It is expected that the probability that a random metallographic plane through the three dimensional microstructure intersects the pores is small. On the contrary, the fracture path preferentially goes through the porosities because of its highly localized phenomenon. Caceres et al. reported that the local area fraction of pores was about 20 times higher than that obtained in the metallographic planes.
(2) Bourcier et al. observed that the pore content in the fracture surface was much higher (some 10 times) than the bulk porosity in their experiments. (28) Thus, it is considered that the area fraction of the porosities would be the suitable parameter for characterizing the general trend of the porosity levels based on the specimens before and after testing. This consideration coincides with the conclusions led by Caceres and Selling (2) and Gokhale and Patel. 
Relation between Effective Fracture Strain and Porosity Size
Plots of the effective fracture strain under tension/shear vs. the size of pores before and after testing are shown in Figs. 21 and 22 . The average and extreme values of the size of pores were calculated and plotted in the abscissa in the cases of the specimens before testing. Since fracture is a highly localized phenomenon, a crack would tend to first form in the weakest cross section. The average and extreme values of the size of porosities measured from the three metallographic sections are adopted for establishing the correlation with the specimens before testing. On the contrary, the each value of the size of pores measured from the fracture surfaces is used for making the correlation in the specimens after testing. A general trend can be clearly observed from Figs. 21 and 22 that the material ductility of the cast aluminum alloy decreases with the increasing size of pores except for the number of pores per unit area. The correlated linear relationships are quite similar between the cases correlated by the average and extreme values in the characteristic sizes of porosities. This indicates that the characteristic sizes of porosities obtained from the metallographic sections can be used for qualitative evaluations in the practical applications, e.g. measuring the porosities on the specimens cut out of the actual casting components for comparative evaluations. However, it is difficult to use them for evaluating the casting porosities quantitatively since fracture is a highly localized phenomenon. The slope of the linear relationships obtained from the specimens before/after testings was relatively different as shown in Figs. 21 and 22 . The range of the pore size obtained from the metallographic sections was smaller than that measured on the fracture surfaces, leading to the strong decrease of the effective plastic fracture strain with the increase of the size of pores except for the pore number per unit area in the metallographic sections. Because of the highly localized phenomenon of crack formation, it is considered that the quantitative correlation between material ductility and the characteristic size of porosities should be developed by measuring the pore size on the fracture surfaces. According to Fig. 22 , both the shear and tensile material ductility were correlated well with the area fraction of the pores. In the cases of the area and length of the largest pore, the slopes of the linear functions in the tensile tests were quite small, indicating the non-sensitivity of the material ductility to the pore sizes. In the same trends as the metallographic sections before testing, it appeared that shear fracture strains considerably decreased with the increasing size of porosities. It was also found that the shear fracture was more sensitive to the size of porosities than tensile fracture.
The present cast bars showed that the increase of the number of pores corresponded to many small-size pores. The presence of small and large pores reduces the effective cross-section area to resist plastic deformation. However, only large pores would induce cracking and debonding of nearby silicon particles due to stress concentration. Dighe et al. (29) and Wang et al. (30) investigated the damage evolution of cast aluminum alloys by counting cracked and debonded silicon particles under various strain levels. Similar studies were conducted by Agarwal et al. (31) and Balasundaram et al. (32) on wrought alloys by considering the spatial distribution of damages silicon particle. This is the reason why the material ductility increased with the increased pore number per unit area. Based on the mechanisms mentioned above, it is considered that the area fraction of pores would be the most sensitive parameter to the material ductility. However, the interaction mechanism between crack formation and porosities is not clear and to be further explored in the future study. 
Conclusion
This paper established the linear relationship between the ductility of the cast A356 aluminum alloy and the characteristic size of pores. Besides the tensile tests on the round bars, the shear tests on the butterfly specimens were also conducted. The plasticity and fracture properties were described in terms of the true stress-strain curves and the ductile fracture loci using the combined experimental-numerical approach. It has been found that the level of porosity did not have any evident effect on the plasticity properties. By contrast, the tensile and shear fracture strains considerably decreased with the increasing size of porosities. It also appeared that the shear fracture was more sensitive to the size of pores than tensile fracture. However, the interaction mechanism between crack formation and pores is not clear and needs to be further explored. The trend of the correlation between the material ductility and the characteristic size of porosities was similar qualitatively between the two sources: the specimens before/after testing.
In the literature, the area fraction of pores was commonly used in constructing the correlation. The present study considered three other parameters: the number of pores per unit area, the area and the chord length of the largest pore. It is found that all of the three variables correlate well with the material ductility except for the number of pores per unit area and there is more apparent preference in the area fraction of pores. Thus, the area fraction of pores can be more suitable parameter for correlating the characteristic size of porosities and the material ductility in both specimens before/after testing.
In the practical applications, the casting porosities are usually checked in the specimens cut out of the real casting components. The present study showed that the relationship between the ductility and the pore sizes were qualitatively similar in both specimens before/after testing, which indicated the present evaluation procedure of pore sizes would be reasonable. In addition, it is found that the area fraction of pores can be the representative parameter for the practical applications. Length of largest pore (mm) Effective plastic strain to fracture
